Intestinal trefoil factor (ITF), a member of the trefoil factor family, is a "Super-protective factor" for intestinal mucosal protection. This study was designed to explore the mechanism by which ITF promotes intestinal epithelial cell migration. Intestinal epithelial cells were treated with the human ITF (hITF). Phospho-ERK, phospho-STAT3 Tyr 705 , and phospho-STAT3 Ser 727 levels were detected at different time points by western blot. To assess the potential crosstalk between the ERK and JAK/ STAT3 pathways, HT-29 cells were treated with the MEK-inhibitor, U0126, and phosphor-STAT3 levels were evaluated. Conversely, cells were treated with the JAK-inhibitor, AG490, and ERK-activity was evaluated. Transwell assay was performed to investigate the effect of the crosstalk on the cell motility. MMP-2 and MMP-9 transcription was analyzed by quantitative real-time PCR. E-cadherin degradation was detected by immunofluorescence. Our results indicate that hITF simultaneously activated the ERK and JAK/STAT3 pathways and a crosstalk was detected between the two pathways. hITF increased cell migration. This effect was abolished by U0126 and AG490 treatment. hITF increased MMP2 and MMP9 mRNA levels and E-cadherin degradation and U0126 and AG490 abolished this effect of hITF. In conclusion, the hITF-induced crosstalk between the ERK and JAK/STAT3 pathways is associated with intestinal epithelial cell migration.
In this study, we employed a human intestinal epithelial system, in which HT-29 cell line was cultured in vitro. Treatment of HT-29 cells with the ERK inhibitor, U0126, or with the JAK inhibitor, AG490, and evaluation of phosphoSTAT3-level or ERK-activity, respectively, provided information about the crosstalk between ERK and JAK/STAT3 pathways. We performed transwell assays to assess the migratory ability of HT-29 cells after treatment with hITF alone or in the presence of ERK and JAK inhibitors. MMP2 and MMP9 transcription and E-cadherin degradation were analyzed to identify the downstream targets of ITF promoting cell migration. Our aim was to elucidate the interactions between the ERK and JAK/STAT3 signaling pathways in regulating human intestinal epithelial cell migration promoted by ITF and to lay the foundation for the protection of the intestinal mucosa.
Results
hITF production. HEK293 cells were infected with Ad-hITF in order to produce hITF (Fig. 1) . HT-29 cells were treated with hITF at a concentration of 60 μ g/mL hITF in the following experiments.
hITF activates the Ras/MAPK and JAK/STAT3 pathways in HT-29 cells. In order to study the stimulatory effect of hITF on the Ras/MAPK and JAK/STAT3 signaling pathways in epithelial human intestinal epithelial cells, a time course experiment with hITF at the concentration of 60 μ g/mL was performed using HT-29 cells. After hITF stimulation, the level of phospho-ERK1/2 was increased in a time-dependent manner and peaked at 1 hour with a 2-fold increase compared to the control group ( Fig. 2A) . Similarly, the level of phospho-STAT3 Tyr 705 peaked at 15 min after stimulation with 60 μ g/mL hITF with a 1-fold increase compared to the control group (Fig. 2B) . Nevertheless, phospho-STAT3 Ser 727 levels peaked later, mostly at 1 hour after stimulation, similar to the peak time of ERK ( Fig. 2A,B) . No change in total ERK and STAT3 protein levels was observed.
Crosstalk between the ERK and JAK/STAT3 pathways. We demonstrated the activation of both pathways in the presence of hITF. We then analyzed the interaction between the ERK and JAK/STAT3 pathways. Treatment with the MEK-inhibitor, U0126, or the JAK inhibitor, AG490, and evaluation of phosphor-STAT3 levels or ERK activity, respectively, provided information about the crosstalk between the ERK-and JAK/STAT3 pathway.
ERK inhibition resulted in a 1 time decrease in phosphorylation levels of STAT3 Ser 727 (Fig. 3A ) compared with that of the hITF group, but no significant change in phospho-STAT3 Tyr 705 levels was observed (Fig. 3B) . Conversely, treatment of HT-29 cells with the JAK inhibitor AG490 (A) alone or followed by treatment with ITF resulted in a 1 time decrease in ERK phosphorylation compared to the hITF-treated group (Fig. 3C) .
Effect of the ERK-JAK/STAT3 crosstalk mechanism on hITF-induced cell migration. In order to investigate the effect of the ERK-JAK/STAT3 crosstalk mechanism on cell migration, a transwell assay was performed. HT-29 cells were pretreated with U0126 and AG490 and then exposed to hITF for 24 h. hITF strongly stimulated the migration of HT-29 cells through the matrigel by 179.7% compared to that of the vehicle-treated control cells. Pretreatment of HT-29 cells with U0126 or AG490, inhibited the hITF-induced cell migration to 77.1-79.4% compared to that of the hITF-treated group. Pretreatment with U0126 and AG490 in combination resulted in a decrease of hITF induced migration of HT-29 cells to 53.3% compared to that of the hITF-treated group, which was similar to the migration of vehicle-treated control cells (Fig. 4) .
ITF-induced cell migration is associated with an increase expression of matrix metalloproteinases (MMPs).
Major proteases contributing to cell migration include MMP-2 and MMP-9. To investigate whether hITF promotes cell migration by up-regulating one of these proteases, quantitative real-time PCR was performed to assess MMP2 and MMP9 transcription. Real-time RT-PCR analyses revealed that hITF treatment resulted in a 16-17-fold increase in MMP2 mRNA levels and a 15-fold increase in MMP9 transcription compared to those of the control group. Treatment with the JAK and MEK inhibitors alone resulted in an 8-9-fold decrease in MMP2 and MMP9 mRNA levels compared to those of the hITF-treated group, while treatment with both inhibitors decreased MMP2 and MMP9 mRNA levels to those of the control levels (Fig. 5) .
hITF alters E-cadherin expression. In order to examine the effect of hITF on E-cadherin degradation, an immunofluorescence assay was performed. The results demonstrated that hITF induced a stronger reduction of E-cadherin expression compared to that of the control group. Inhibition of the ERK and JAK/STAT3 pathways rescued E-cadherin from degradation (Fig. 6) . S727 levels. HT-29 cells were treated with 60 μ g/mL of hITF and the cell proteins were collected after 30 min, 1 h, 2 h, 4 h, and 6 h of stimulation (*P < 0.05, **P < 0.01, ***P < 0.001, ns no significant difference vs. 0 min; # P < 0.05, y705 and phospho-STAT3 S727 levels. The cells were lysed at 10 min, 15 min, 30 min, and 1 h after treatment with the indicated hITF concentrations. Each value is the mean ± SD of three independent experiments with triplicate measurement (**P < 0.01, ***P < 0.001, ns no significant difference vs. 0 min; # P < 0.05, ## P < 0.01, vs. 10 min; && P < 0.001 vs. 15 min).
Discussion
hITF is a small peptide. Its main function is to alleviate gastrointestinal mucosal injuries caused by a variety of factors and to promote the repair of damaged mucosa. It plays a key role in the maintenance of the surface integrity of the intestinal mucosa and enhances healing of the gastrointestinal mucosa. Nevertheless, the mechanisms underlying these effects of ITF are unclear. The current study is the first to provide insights into the role of the ERK and JAK/STAT3 pathways in hITF-induced cell migration. Furthermore, a molecular crosstalk was identified between the ERK and JAK/ STAT3 pathways and it was involved in the effects of hITF on cell migration. Using an epithelial cell culture system, we identified bidirectional interactions between the ERK and JAK/STAT3 pathways that operate contextually within a single epithelial cell type to regulate cell migration.
We verified that hITF activated not only the ERK signaling pathway, but also the JAK/STAT3 pathway in a time dependent manner. ERK phosphorylation peaked at 1 h after hITF stimulation. Similarly, STAT3 Tyr 705 phosphorylation peaked at 15 min after hITF treatment, but STAT3 Ser 727 phosphorylation peaked at 1 h after treatment. This result suggests that STAT3 Ser 727 phosphorylation might be related to the activation of the ERK pathway. S727 levels. HT-29 cells were pretreated with U0126 for 2 h and then treated with hITF. Proteins were extracted at 1 h after treatment (***P < 0.001, ns no significant difference vs. control group; ### P < 0.001 vs. 30 min ITF group). (B) Effect of MEK inhibitor on phospho-STAT3y705 levels. Proteins were extracted at 15 min after treatment (***P < 0.001, ns no significant difference vs. control group; ### P < 0.001 vs. 30 min ITF group). (C) Effect of the JAK inhibitor (AG490) on phospho-ERK. HT-29 cells were pretreated with AG490 for 3 h prior to treatment with hITF (*P < 0.05, ***P < 0.001, ns no significant difference vs. control group; ## P < 0.01, ### P < 0.001 vs. ITF group). Proteins were collected at 1 h after treatment. Bonferroni's multiple comparison post-hoc tests after one-way analysis of variance were used to assess statistical significance. Figure 4 . Effect of the crosstalk mechanism on hITF-induced cell migration. Cells were seeded in a transwell chamber and allowed to migrate across the chamber toward cell-specific conditioned medium for 48 h. Photomicrographs of stained migrating cells were taken under bright field illumination. Representative images are shown for HT-29 control cells (a), HT-29 cells treated with hITF (b), treatment with U0126 (c) and AG490 (d), pretreatment with U0126 (e) and AG490 (f) followed by exposure to hITF, pretreatment with both U0126 and AG490 followed by exposure to hITF (g). Migration is expressed as the number of migrated cells in five random microscopic fields per well (Mean ± SD; ***P < 0.001 ns no significant difference vs. control group; ### P < 0.001 vs. ITF group) (h). Results were obtained from three separate experiments. The scale bar in insets represents 50 μ m (original magnification: 40× ).
Published studies showed that cross-phosphorylation between tyrosine and serine/threonine protein kinases results in widespread crosstalks between different signaling pathways. ERK presents two phosphorylation sites, a tyrosine kinase and a serine kinase phosphorylation site 7 . The serine kinase phosphorylation site is activated by MEK, while the tyrosine kinase phosphorylation site can be activated by the JAK kinase, which belongs to the JAK-STAT3 signaling pathway. Similarly, the JAK-STAT3 signaling pathway presents two key phosphorylated sites: the Tyr 705 phosphorylated site and Ser 727 phosphorylated site 8 . The Tyr 705 phosphorylated site is necessary for excitation of STAT3, which is activated by JAK and Src. The Ser 727 is activated by several kinases such as PKC epsilon, mTOR, and ERK. Cross-phosphorylation between tyrosine and serine/threonine protein kinases may support the widespread crosstalk between ERK and JAK/STAT3 signaling pathways 9 . Subsequently, the crosstalk between the ERK and JAK/STAT3 pathways was confirmed in related research. Arredondo et al. used a Raf inhibitor to inhibit the Raf-MEK-ERK signaling pathway, resulting in reduced ERK activity and accidental reduced expression of STAT3 mRNA 5 . Moreover, inhibition of the JAK2/STAT3 pathway resulted in the down-regulation of ERK phosphorylation induced by IL-6 6 . To verify the crosstalk mechanism between the ERK and JAK/STAT3 pathways activated by hITF, we inhibited the ERK pathway and evaluated the phosphorylation of STAT3 Tyr 705 and Ser 727 . Conversely, we inhibited the JAK/STAT3 pathway and evaluated ERK phosphorylation. ERK inhibition decreased STAT3 Ser 727 phosphorylation levels, but had no significant effect on phospho-STAT3 Tyr 705 . Similarly, JAK inhibition abolished the activation of the ERK pathway. This result implied that hITF activated a crosstalk between the ERK and JAK/STAT3 pathways.
While we verified the crosstalk mechanism, its effect on cell migration remained unknown. To explore the effect of this crosstalk on cell migration, a transwell assay was performed. ITF promoted cell migration and ERK or JAK inhibitor abrogated this effect. Furthermore, the number of migrating cells was lower after treatment with both the ERK and JAK inhibitors than after treatment with either inhibitor alone. This indicated that the crosstalk mechanism participated in cell migration.
It is well known that an increased expression of MMPs is important for cell migration. Among the MMPs, MMP-2 and MMP-9 are crucial enzymes in this process, degrading type I-V collagen and regulating various cell behaviors 10 . Studies showed that ITF increases the expression of MMPs to promote cell migration and the JAK/ STAT3 pathway 11, 12 . Qianqian Zheng et al. showed that the expression of cell-matrix molecule such as MMP-9 was enhanced by TFF3 13 . Victor Y.W. Chan et al. found that the TFF3-induced invasiveness of Rat-2 was associated with enhanced expression of MMP-9 14 . To investigate whether the crosstalk mechanism mentioned above affects MMP2 and MMP9 transcription, quantitative real-time PCR was performed. hITF increased MMP2 and MMP9 mRNA levels. Treatment with the JAK or MEK inhibitor alone could not decrease the mRNA level to the normal level, while using both inhibitors restored the normal levels. This result provided evidence that MMP2 and MMP9 are targets of ITF, promoting cell migration through the crosstalk mechanism described above.
The cell adhesion molecule, E-cadherin, is a transmembrane glycoprotein whose cytoplasmic domain is complexed with β -catenin 15 . According to the literature, several growth factors can induce the loss of E-cadherin expression and function involved in cell adhesion and migration 16 . Victor Y.W. Chan et al. demonstrate that the enhanced invasiveness in rat fibroblast cells by sense TFF3 transfection was associated with significant reduction in E-cadherin 14 . This study also investigated the expression of molecules involved in cell adhesion and migration. In order to examine E-cadherin degradation, an immunofluorescence assay was performed. hITF induced a strong reduction in E-cadherin expression. In addition, treatment of HT-29 cells with both the MEK and JAK inhibitors rescued E-cadherin from degradation. This finding provided convincing evidence that the crosstalk between the ERK and JAK/STAT3 pathways induced by hITF regulated the expression of the cell adhesion molecule, E-cadherin.
In conclusion, our findings argue for a third putative mechanism in the capacity of the JAK/STAT3 pathway to crosstalk with and to modulate the function of the ERK pathway and, conversely, in the capacity of ERK to crosstalk with the JAK/STAT3 signaling pathway, which are characteristics that are generally associated with cell migration induced by hITF. ERK-inhibition down-regulates STAT3 activation and vice versa. Thus, inhibition of just one of these pathways advantageously reduces the activity of the respective crosstalk partner. The cell migration was modulated by the crosstalk between the two pathways. Moreover, we confirmed that cell migration molecules, MMP2 and MMP9, and the cell adhesion molecule, E-cadherin, were targets of hITF and involved in hITF-induced cell migration. Therefore, the function of the ERK pathway during cell migration necessitates the study of additional pathways that crosstalk with the JAK/STAT3 pathway. Our study reveals a potential mechanism of the impaired intestinal reconstruction. A therapeutic strategy using these therapeutic targets might therefore exert synergistic beneficial effects on the reconstruction of damaged intestinal mucosa.
Altogether, our results suggest that hITF may exert its effects through a crosstalk between the ERK and JAK/ STAT3 pathways. In particular, we show that the crosstalk mechanism induced by hITF leads to cell migration and strongly affects the expression of molecules involved in cell migration.
Materials and Methods

Preparation of recombinant human intestinal trefoil factor (hITF). hITF was produced in human
embryonic kidney cell line (HEK) 293 cells (purchased from ATCC, Manassas, VA, USA), which were infected with a recombinant adenovirus containing human ITF gene (Ad-hITF). The hITF gene was modified with a polyhistidine tag sequence at the N-terminal by PCR technology, His-tagged rhITF was purified to homogeneity by Ni-NTA affinity chromatography according to manufacturer's instructions. In brief, the Ni-NTA resin slurry was washed with distilled water and equilibrated with the binding buffer containing 10 mM imidazole. The solution containing soluble proteins was loaded onto the column. Weakly bound proteins were washed from the resin by the washing buffer containing 20 mM imidazole. Bound proteins were eluted with the eluting buffer containing 250 mM imidazole.
The concentration of hITF was measured by ITF ELISA kit (Shanghai Bangyi Biotechnology Co. Ltd, Shanghai, China).
Cell culture and treatment. Human embryonic kidney (HEK) cell line HEK293 and colon cancer cell line HT-29 were purchased from ATCC (Manassas, VA, USA). HEK293 cells were cultured in DMEM supplemented with 10% fetal bovine serum, and penicillin and streptomycin (100 U/mL) at 37 °C in 5% CO 2 . Culture medium was replaced every other day and cells were passaged every 3-4 days at a ratio of 1:3.
To generate the in vitro model of the human intestinal epithelium, HT-29 cells were grown in Roswell Park Memorial Institute (RPMI) 1640 supplemented with 10% fetal bovine serum (Zhejiang tianhang Biological technology stock Co. ltd, Zhejiang, China), penicillin (100 units/mL), and streptomycin (100 μ g/mL) in 37 °C humidified incubator with 5% CO 2 . To determine the optimal incubation time with ITF to activate ERK and JAK/STAT3 pathways, we seeded cells on 6-well culture plates at a density of 1.2 × 10 6 cells per well. Once 80 to 90% confluency was reached, cells were supplemented with 0.1% (v/v) fetal bovine serum to drive cell population into G0-G1 phase and incubated with ITF (60 μ g/mL) for different times as indicated in the figures. In inhibition studies, cells were pretreated with the MAPK inhibitor, U0126, (10 μ M) for 2 h 17 or the JAK2 inhibitor AG490 (50 μ M) for 3 h Western blot analysis. After treating HEK293 cells with Ad-ITF, cell culture supernatants were collected for examination of soluble ITF. Cell pellets were lysed with RIPA buffer and protease inhibitors, centrifuged at 12,000 rpm at 4 °C for 15 min, and the protein concentration of the lysates was quantified using the BCA method. Forty micrograms of total protein isolated from untreated or treated HT-29 cells were separated on 10% SDS-polyacrylamide gels at 80 V for 1 h and 120 V for 1.5 h. The proteins on the SDS-polyacrylamide gel were transferred to a Polyvinylidene Fluoride membrane at 350 mA at 4 °C. The membrane was then immersed in a blocking buffer and incubated with the primary antibodies overnight at 4 °C. Subsequently, the membrane was washed and incubated with the secondary antibodies conjugated with Alkaline Phosphatase at room temperature for 10 min. After washing three times with TBST for 10 min each time, proteins were detected with BCIP/ NBT Color Development Substrate. The proteins were quantified and analyzed using Image J software (National Institutes of Health, Maryland, USA). β -actin served as an internal control.
Migration assay. The migratory ability of HT-29 cells was assessed using transwell chamber (6.5 mm insert diameter, 8 μ m pore size) (Corning, Corning, NY, USA), placed in 24-well culture plates. Briefly, differently treated HT-29 cells (1 × 10 5 per well) were suspended in serum-free RPMI-1640 and were added to the top chamber of the Transwell plates and the lowerchamber were filled with 1 mL RPMI-1640 containing 10% FBS. Following 24 h of incubation at 37 °C, cells located on the upper membranes were removed with cotton swabs and the cells that migrated were fixed with 95% ethanol and stained with 0.1% crystal violet for 10 min. The cells that migrated to the lower sides of the filter were counted with an inverted fluorescence microscope. The number of migrating cells was determined by counting five random fields on each membrane.
Total RNA extraction and Reverse Transcription. HT-29 cells were cultured in 6-well plates with or without treatment of U0126, AG490, and ITF. TRIzol (TIANGEN, Beijing, China) was used to extract total RNA according to the manufacturer's instruction, with satisfactory quantity and quality of RNA preparations, as measured by A260 nm and A280 nm readings. First-strand cDNA synthesis was carried out with 3 μ g of total RNA using Transcript RT Kit (TIANGEN, Beijing, China) according to the manufacturer's instructions and all reactions were carried out in a Programmable Thermal Controller.
Quantitative real-time PCR for Gene transcription. Gene transcription was measured by real time PCR (RealMasterMix SYBR Green kit, TIANGEN, Beijing, China). Each 20 μ L reaction contained 2 μ L of cDNA solution (produced by RT reaction described above), 0.6 μ L (final concentration 300 nM) of the forward and reverse primers for the gene of interest. β -actin served as an internal control. Forward and reverse primers used were as follows:
MMP-2: 5′ -AACTACAACTTCTTCCCTCGCAA; 5′ -CAAAGGCATCATCCACTGTCTCT MMP-9: 5′ -CCACCCTTGTGCTCTTCCCTG; 5′ -TCTGCCACCCGAGTGTAACCA β-actin: 5′ -GGGAAATCGTGCGTGACATTAAGG; 5′ -CAGGAAGGAAGGCTGGAAGAGTG Samples were run in biological and technical triplicate, and experiments were performed twice. The data from the quantitative real time PCR measurements were calculated using the Δ Δ Ct method.
Immunofluorescence. HT-29 cells were grown on glass coverslips in 6-well plates and in the presence or absence of U0126, AG490, and hITF. The cells were briefly washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde for 10 min. Subsequently, the cells were washed in PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min. After blocking with 0.1% (v/v) goat serum in PBS for 60 min at room temperature, cells were incubated with the first antibody (anti-E-cadherin antibody: dilution, 1:100; anti-β -catenin antibody: dilution, 1:100) overnight at 4 °C. After three washes in PBS, cells were incubated with FITC/TRITC-conjugated secondary antibodies goat anti-rabbit IgG for another 60 min (diluted 1:1000 in PBS). The nuclei were stained with DAPI and images were captured using a laser scanning confocal microscope.
Statistical methods. Unless otherwise specified, all experiments were repeated three times and similar results were obtained. The results are expressed as the mean ± standard deviation. Statistical analysis was performed using one-way ANOVA; P < 0.05 was considered statistically significant. The data were analyzed using GraphPad Prism version 5.0 for Windows (GraphPad Prism, San Diego, CA, USA).
